The growth of intermetallic compounds (IMCs) on the free surface of 99Sn-1Cu solder joints perpendicular to the interdiffusion direction has been investigated in this work. The specimens were specifically designed and polished to reveal a flat free surface at the solder/Cu interface for investigation. After aging at 175°C for progressively increased durations, the height of the perpendicular IMCs was examined and found to follow a parabolic law with aging duration that could be expressed as y ¼ 0:11 ffiffi t p , where t is the aging duration in hours and y is the height of the perpendicular IMCs in lm. For comparison, the planar growth of IMCs along the interdiffusion direction was also investigated in 99Sn-1Cu/Cu solder joints. After prolonged aging at 175°C, the thickness of the planar interfacial IMC layers also increased parabolically with aging duration and could be expressed as h IMC ¼ 0:27 ffiffi t p þ 4:6, where h is the thickness in lm and t is the time in hours. It was found that both the planar and perpendicular growth of the IMCs were diffusion-controlled processes, but the perpendicular growth of the IMCs was much slower than their planar growth due to the longer diffusion distance. It is proposed that Cu 3 Sn forms prior to the formation of Cu 6 Sn 5 in the perpendicular IMCs, being the reverse order compared with the planar IMC growth.
INTRODUCTION
In electronic devices, the interconnections between components are normally formed by reflowing solder alloys. During such reflow, the reactions between the solder and substrate are essential to the formation of reliable solder interconnects. However, the interfacial intermetallic compound (IMC) layers produced during reflow can grow continuously during subsequent service due to interdiffusion and solid-state reactions, particularly when devices are exposed to elevated temperature. Excessive growth of interfacial IMC layers can significantly deteriorate the mechanical integrity of the entire solder joint because of the incompatible mechanical properties of the interfacial IMC layers in comparison with the solder alloy and substrate. [1] [2] [3] Hence, growth of IMCs at the solder/substrate interface has received continuous attention from researchers. [4] [5] [6] [7] [8] The interfacial IMC layers extensively investigated in literature normally cover the entire solder/substrate interface and grow along the direction of interdiffusion between the solder and substrate. [4] [5] [6] [7] [8] Therefore, this type of interfacial IMC layer is termed the planar IMC layer in this work, as illustrated in Fig. 1 . Moreover, IMCs (i.e., Cu-Sn IMCs) can also protrude out of the free surface of solder joints, perpendicular to the diffusion direction within the solder joint, 9 as illustrated in Fig. 1 . This is termed the perpendicular IMC in this work.
In contrast to the numerous works reported on characterization of planar IMCs in solder joints, the perpendicular growth of IMCs has seldom been investigated. The mechanism of the perpendicular growth of IMCs also remains unclear. In electromigration tests, it was suggested that such perpendicular IMCs were ''squeezed out'' by compressive stress induced by current stressing at the interface in the solder joint. 9, 10 However, study on the spreading of IMCs implied that interdiffusion of atoms on the free surface can also result in growth of IMCs on the free surface. 11 In this study, the perpendicular growth of IMCs was investigated in specifically designed 99Sn-1Cu/ Cu solder joints. The top surface of the solder joints was polished and profiled using a white-light interferometer after gradually prolonged aging at 175°C to measure the height of the perpendicular IMCs. Scanning electron microscopy (SEM) was employed to examine the morphology of the perpendicular IMCs from the top, and cross-sectional views were prepared by focused ion beam (FIB). In comparison, the ordinary planar growth of interfacial IMC layers at the 99Sn-1Cu/Cu interface was also characterized by grinding and polishing to reveal the cross-section of the solder joints after aging at the same temperature for increasing periods. Correlations and differences between the IMC growth along these two directions are also presented.
EXPERIMENTAL PROCEDURES Perpendicular Growth of IMCs
To investigate the perpendicular growth of IMCs, a pocket with dimensions of 15 mm 9 15 mm 9 2.5 mm was machined within a Cu (purity 99.9%) specimen. A proper amount of 99Sn-1Cu solder was placed in the pocket and reflowed in an oven. During reflow, a thermocouple was attached to the specimen to monitor its temperature. After reflow, the specimens were ground and polished to ensure that the top surface across the solder/Cu interface was smooth in one plane. The specimen after polishing is shown schematically in Fig. 2a .
The four specimens were then stored in an oven at temperature of 175°C to facilitate the perpendicular growth of IMCs at the solder/Cu interface (as illustrated by the red region in Fig. 2b ). After aging for every 168 h until 1132.5 h, the specimens were removed from the oven after cooling. The height of the perpendicular IMCs on the polished top surface was then measured using a white-light interferometer (Zygo NewView 5000) at the same location for a given specimen. The areas of the scanned regions were no smaller than 1.5 mm 9 1.0 mm to ensure reliability of the obtained morphology of the specimens. The obtained surface morphology data were then converted into a series of profiles to calculate the average height of the perpendicular IMCs on the specimen.
After these measurements, SEM was used to examine the perpendicular IMCs from the top. FIB was also utilized to mill the specimen across the 99Sn-1Cu/Cu interface to reveal the cross-section of the perpendicular IMCs after aging. However, milling the samples with FIB should be carefully planned as it could potentially introduce several types of artificial damage in the specimens: (1) the polished sample surface could be seriously damaged in a wide range during the milling and imaging with the ion beam in FIB; (2) the reliability of the measured heights of the perpendicular IMCs could be affected due to damage of the IMCs on the top surface; (3) the large hole in the sample and the fresh surface left by milling could lead to significant oxi- Perpendicular Growth Characteristics of Cu-Sn Intermetallic Compounds at the Surface of 99Sn-1Cu/Cu Solder Interconnects dation of the sample in subsequent aging. Hence, cross-sectioning with FIB was implemented only after finishing all the aging and measurements, to minimize its potential influence on the reliability of the measured heights of the perpendicular IMCs.
Planar Growth of IMCs
For comparison with the perpendicular growth of IMCs on solder joints after aging, another set of 99Sn-1Cu solder was reflowed on polished Cu (purity 99.9%) substrate using the same reflow conditions as in ''Perpendicular Growth of IMCs'' section, to investigate the planar growth of IMCs within solder joints. The six specimens were then stored in an oven at 175°C to promote the planar growth of IMCs after reflow. After aging for every 168 h, the specimens were ground and polished to reveal the cross-section of the solder joint, as illustrated in Fig. 3 . The interfacial Cu 6 Sn 5 and Cu 3 Sn layers which grew along the interdiffusion direction were then revealed by etching with ethanol (80 vol.%) and hydrochloric acid (20 vol.%) solution. An Olympus BX60 M microscope was utilized for observation of the planar interfacial IMC layers. The interfaces between the solder, Cu 6 Sn 5 , Cu 3 Sn, and Cu in the microscope images were fit with traces using Image-Pro image analysis software. Hence, the average thickness of a specific IMC layer could be derived by calculating the mean distance between two adjacent traces.
RESULTS

Perpendicular Growth of IMCs
The perpendicular IMCs on the 99Sn-1Cu/Cu samples were examined by SEM and profiled with the Zygo NewView 5000 after aging for every 168 h. Figure 4a , c and e illustrates the morphological evolution of the perpendicular IMCs on the top surface of 99Sn-1Cu solder joints after progressively prolonged aging. Examples of surface profiles from the corresponding specimens are shown in Fig. 4b, d and f, leveled with the Cu part in the profile to remove the effect of the angle between the specimen and the instrument during scanning. Before aging, the surface of the 99Sn-1Cu solder joints was smooth across the solder/Cu interface after polishing, as illustrated in Fig. 4a . No perpendicular IMCs could be identified. Correspondingly, there is no notable peak at the solder/Cu interface in the surface profile in Fig. 4b . The height difference between the solder part and Cu surface was probably due to the higher polishing rate on the softer solder in comparison with the polishing rate on the Cu during sample preparation.
After aging at 175°C for 168 h, a line of IMCs was observed to protrude out of the surface at the solder/ Cu interface, as shown in Fig. 4c . The spikes of the perpendicular IMCs can also be identified in the corresponding surface profile in Fig. 4d . The average height of the perpendicular IMCs can be estimated to be about 0.5 lm, with the Cu surface as reference. When the aging was extended to 1132.5 h, the perpendicular IMCs grew significantly in both height and width, as illustrated in Fig. 4e , and the height of the perpendicular IMCs increased to approximately 1.5 lm (Fig. 4f) .
FIB was then utilized to reveal a cross-sectional view of the perpendicular IMCs at the solder/Cu interface after aging for 1132.5 h (Fig. 5 ). It is evident that the perpendicular IMCs on the sample surface were dendritic along several specific directions, which is different from the layer-type interfacial IMC layers within solder joints. Both Cu 6 Sn 5 and Cu 3 Sn phases can be found in the perpendicular IMCs, with the Cu 3 Sn at the bottom of the dendrites close to the Cu/Cu 3 Sn interface. The ''root'' of the perpendicular IMCs was a Cu-rich region, so the Cu 3 Sn phase was probably produced before the formation of Cu 6 Sn 5 in the initial perpendicular growth of IMCs, [12] [13] [14] as discussed further in ''Comparison of Growth Mechanisms'' section below. Furthermore, it can also be observed that the Cu/ Cu 3 Sn interface and Cu 3 Sn/Cu 6 Sn 5 interface in the planar IMCs shifted towards the Cu side near the sample surface. In contrast, the Cu 6 Sn 5 /solder interface remained at a similar position within the same region.
The perpendicular IMCs on the sample surface were profiled using the Zygo NewView 5000 after aging. A series of surface profiles (grey region in Fig. 6a ) could then be extracted from the obtained surface morphology across the solder/Cu interface, from which an average surface profile of the region could be derived (red profile in Fig. 6b ). The height of the perpendicular IMCs was then evaluated by calculating the height difference between the peak and the Cu surface in the average profile of the scanned region. The relation between the heights of the perpendicular IMCs and the aging duration is plotted in Fig. 6b . Each data point in the figure represents the average height of the perpendicular IMCs from four specimens. It can be seen that the height of the perpendicular IMCs generally increased linearly with the square root of the aging duration, which can be expressed as 
where t is the aging duration in hours and y is the height of the perpendicular IMCs in lm. The parabolic correlation between the height of the perpendicular IMCs and the aging duration indicates that the perpendicular growth of the IMCs on the free surface of the solder joints is a diffusion-controlled process.
15,16
Planar Growth of IMCs
For comparison, the planar growth of IMCs along the interdiffusion direction between the solder and Cu was also studied by aging and etching. Figure 7 shows a comparison of the planar IMCs in a 99Sn-1Cu/Cu solder joint before aging and after aging at 175°C for 1006.5 h. It can be observed that the interfacial IMC layers grew significantly, from about 5 lm before aging to approximately 15 lm after aging for 1006.5 h. The morphology of the planar IMC layers also transformed from dendritic to layer type after aging.
Furthermore, only an interfacial Cu 6 Sn 5 layer can be identified at the solder/Cu interface in Fig. 7a . The absence of a Cu 3 Sn layer can be attributed to the insufficient reflow time for formation of an interfacial Cu 3 Sn layer before cooling [17] [18] [19] or the low magnification of the microscope. After aging, the Cu 6 Sn 5 layer thickened notably and a Perpendicular Growth Characteristics of Cu-Sn Intermetallic Compounds at the Surface of 99Sn-1Cu/Cu Solder Interconnects layer of Cu 3 Sn was produced between the Cu 6 Sn 5 layer and Cu substrate, as illustrated in Fig. 7b .
The thicknesses of the interfacial Cu 6 Sn 5 , Cu 3 Sn, and entire IMC layers were measured using the method explained in ''Planar Growth of IMCs'' section and are plotted as a function of aging duration in Fig. 8 . Each data point in the figure is the average thickness of six specimens, and the error bar indicates the standard deviation of the measurements. The linear fitting was based on the understanding that the planar growth of interfacial IMC layers is primarily dominated by the opposing diffusion of Sn and Cu atoms during aging, following a parabolic law with aging duration. 20 Figure 8 shows that the curve fitting result is a close approximation to the measured thickness of the interfacial IMC layers after increasing aging durations, and the relation can be expressed as
where t is the aging duration in hours and h is the thickness of each layer in lm. In comparison with the diffusion coefficients reported in Ref. 20 , the value obtained in this work is within a reasonable range. Equation 2 also implies that the planar growth of IMCs is governed by the interdiffusion between the solder and Cu during aging. 15, 16 The constants in this equation, 4.6 and 4.1, indicate the initial thickness of the IMC layer before aging. They are supposed to be the same, since only a Cu 6 Sn 5 layer can be observed before aging (Fig. 7a) ). The minor variation between them could be due to error in the measurements and curve fitting. From Fig. 8 , it can also be found that the thickness of the interfacial Cu 3 Sn and Cu 6 Sn 5 layers did not follow a strict linear relation with the square root of aging duration. This can be ascribed to the deviation in the measurement and the different initial states of the sites randomly chosen for measurement.
DISCUSSION
As presented in ''Results'' section, both perpendicular and planar growth of IMCs occurred at the solder/Cu interface, depending on the opposing interdiffusion of Sn and Cu atoms during aging. However, there are several differences between the growth of the IMCs in these two directions.
Movement of Cu 3 Sn/Cu 6 Sn 5 and Cu 3 Sn/Cu Interfaces
The cross-section of the 99Sn-1Cu/Cu solder joint revealed by FIB illustrates that the Cu 6 Sn 5 /Cu 3 Sn and Cu/Cu 3 Sn interfaces moved towards the Cu side near the surface of the 99Sn-1Cu/Cu solder joint, as shown in Fig. 5 . In contrast, the Cu 6 Sn 5 /solder interface remained relatively more consistently within the same region. This shift of the Cu 6 Sn 5 / Cu 3 Sn and Cu/Cu 3 Sn interfaces leads to significant expansion of the Cu 6 Sn 5 layer and a decrease in the thickness of the Cu 3 Sn layer. Given the compositions of the Sn and Cu elements in these two types of IMC, it can be deduced that the concentration of Sn grows remarkably near the free surface of the solder joint.
In the region close to the sample surface, both bulk and surface diffusion of Sn atoms can contribute to the movement of Sn atoms during aging. However, for the region farther from the surface, Sn atoms can only move by bulk diffusion. Therefore, the increase in the Sn concentration near the sample surface indicates that the surface diffusion of Sn atoms is much faster than their bulk diffusion in solder joints, which obeys the general observation that surface diffusion is faster than bulk diffusion. 21, 22 Furthermore, this increase of the concentration of Sn also indicates a drop in the fraction of Cu atoms near the surface of the solder joints. Because the major diffusion mechanism for both Cu and Sn atoms is surface diffusion in this region, it is reasonable to conclude that the surface diffusion of Sn atoms is much faster than the surface diffusion of Cu atoms. Otherwise, the Cu-rich Cu 3 Sn phase would expand instead of the Sn-rich Cu 6 Sn 5 phase and the Cu 3 Sn/Cu 6 Sn 5 interface and Cu 6 Sn 5 /solder interface would move towards the solder side near the sample surface.
Comparison of Growth Mechanisms
For the planar growth of IMCs in solder joints, the IMC layers at the solder/Cu interface are normally formed during reflow. Although the existence of a Cu 3 Sn layer in Sn-based solder/Cu solder joints after reflow remains controversial, it is generally accepted that the formation of Cu 6 Sn 5 and Cu 3 Sn is not simultaneous, with the former being prior to the latter. [23] [24] [25] [26] In contrast, in perpendicular IMCs, the Cu 3 Sn is produced first, followed by the formation of Cu 6 Sn 5 . These opposite formation sequences of Cu 6 Sn 5 and Cu 3 Sn in the perpendicular and planar IMCs can be primarily attributed to the different proportions of Sn and Cu atoms in the corresponding regions.
The initial formation of a planar Cu 6 Sn 5 layer in a solder joint (i.e., a 99Sn-1Cu/Cu solder joint in this work) relies on the reaction between liquid solder and Cu during reflow. When the liquid solder is in contact with solid Cu, Cu 6 Sn 5 is generated quickly due to the comparable concentration of Sn and Cu atoms in a localized region until the Cu 6 Sn 5 layer covers the entire solder/Cu interface 27 (Fig. 9a) . The growth of Cu 6 Sn 5 in subsequent aging is primarily based on the reaction 6Cu + 5Sn fi Cu 6 Sn 5 . 28 The growth of Cu 3 Sn in planar IMCs during aging can be attributed to two possible mechanisms: the reaction between Sn and Cu (3Cu + Sn fi Cu 3 Sn) and the transformation of Cu 6 Sn 5 (Cu 6 Sn 5 + 9Cu fi 5Cu 3 Sn). 29 Both mechanisms suggest that the formation of a Cu 3 Sn layer requires a Cu-enriched region. 30 Therefore, a Cu 3 Sn layer can only be produced when the concentration of Sn is low enough at the Cu 6 Sn 5 /Cu interface. This can happen only after the thickness of the interfacial Cu 6 Sn 5 layer exceeds a certain threshold and the number of free Sn atoms near the Cu side is sufficiently reduced by the increasing diffusion distance (Fig. 9b) . Therefore, the formation of Cu 3 Sn is always after the formation of Cu 6 Sn 5 in planar growth of IMCs (Fig. 9c) . The subsequent growth of Cu 3 Sn can be attributed to the decomposition of Cu 6 Sn 5 due to the In contrast, the perpendicular growth of IMCs starts at the Cu side in the 99Sn-1Cu/Cu solder joint during aging (as shown in Figs. 4c and 5) , which is probably due to the faster surface diffusion of Sn atoms as suggested in ''Movement of Cu 3 Sn/Cu 6 Sn 5 and Cu 3 Sn/Cu Interfaces'' section. At the beginning of the perpendicular growth of the IMCs, the distance for diffusion of Cu atoms is negligible. However, Sn atoms need to diffuse through the entire planar Cu 6 Sn 5 layer and a part of the planar Cu 3 Sn layer to react with Cu atoms. Therefore, the proportion of Cu atoms is much higher than the proportion of Sn atoms in the region where perpendicular IMCs start growing. This Cu-rich region can lead to the formation and growth of Cu 3 Sn (Cu + 3Sn fi Cu 3 Sn) before production of any Cu 6 Sn 5 (Fig. 10a) during aging, as reported by other researchers. [12] [13] [14] After the initial formation of Cu 3 Sn, the subsequent perpendicular growth of IMCs can be divided into two directions: the height direction and the width direction. For the height direction, when the Sn atoms reach the root of the perpendicular IMCs by diffusion, a part of the Sn can react with Cu atoms (3Cu + Sn fi Cu 3 Sn) to contribute to the perpendicular growth of the Cu 3 Sn phase. However, the Sn and Cu atoms are not necessarily completely consumed by this reaction, because of the high activation energy required for formation of Cu 3 Sn. 31, 32 Hence, the rest of the Sn and Cu atoms, possibly the majority of them, are able to move further to the frontier of the perpendicular Cu 3 Sn by surface diffusion (and possibly a minor part of bulk diffusion because of the small volume of Cu 3 Sn present). The distance for diffusion of free Sn and Cu atoms along the height direction increases with the perpendicular growth of the Cu 3 Sn present. As discussed in ''Movement of Cu 3 Sn/Cu 6 Sn 5 and Cu 3 Sn/Cu Interfaces'' section, the surface diffusion of Cu atoms is much slower in comparison with the surface diffusion of Sn atoms. Hence, with the perpendicular growth of the IMCs, the number of free Cu atoms in the perpendicular IMCs decreases much faster than the number of Sn atoms (as illustrated in Fig. 10b ). This can result in a drop in the concentration of free Cu atoms at the frontier of the perpendicular Cu 3 Sn. When the perpendicular Cu 3 Sn is high enough and the diffusion distance for Sn and Cu atoms reaches a certain value, the fractions of Cu and Sn atoms become comparable. This can then lead to the formation and growth of Cu 6 Sn 5 at the top of the perpendicular IMCs (6Cu + 5Sn fi Cu 6 Sn 5 ) (Fig. 10c) . Hence, the formation of Cu 6 Sn 5 can only happen after the formation and growth of Cu 3 Sn in the perpendicular IMCs in the height direction.
In the width direction, the Cu 6 Sn 5 /Cu 3 Sn interface in the planar IMCs moves towards the Cu 3 Sn side (Figs. 5 and 10c ) near the sample surface due to the much faster surface diffusion of Sn atoms during aging. Because of the greater supply of Sn atoms in comparison with the supply of Cu, a part of or even the entire Cu-rich Cu 3 Sn phase present could be gradually transformed to Sn-rich Cu 6 Sn 5 phase (2Cu 3 Sn + 3Sn fi Cu 6 Sn 5 ) 33 in both perpendicular IMCs (illustrated by the Cu 3 Sn phase in dashed lines in Fig. 10c ) and the planar IMCs near the sample surface. This decomposition of the Cu 3 Sn phase could also happen at the Cu 6 Sn 5 /Cu 3 Sn interface in the perpendicular IMCs to facilitate growth of Cu 6 Sn 5 along the height direction. On the other hand, the Cu 3 Sn/Cu interface in the planar IMCs also moves towards the Cu side near the sample surface because of the faster surface diffusion of Sn atoms. New Cu 3 Sn can also be produced near the new Cu 3 Sn/Cu interface by the reaction 3Cu + Sn fi Cu 3 Sn in both the planar and perpendicular IMCs (Fig. 10c) , since this is a Cu-rich region.
Comparison of Growth Rates
A comparison of the growth rates of the perpendicular and planar IMCs is illustrated in Fig. 11 . It is evident that the perpendicular growth of IMCs is much slower than the planar growth of interfacial IMC layers. Consequently, the thickness of the planar IMCs after aging is several times greater than the height of the perpendicular IMCs after aging for similar periods.
The lower growth rate of the perpendicular IMCs can be primarily ascribed to the longer diffusion distance of Sn and Cu atoms and the limited and decreasing supply of both Sn and Cu atoms in the perpendicular growth, though the surface diffusion of Cu and Sn that contributes to the perpendicular growth of IMCs is believed to be much faster than their bulk diffusion in the planar growth.
For the perpendicular growth of IMCs, the sum diffusion distance of both Sn and Cu atoms generally consist of the thickness of the planar IMC layers and the height of the perpendicular IMCs, D perpendicular = H planar IMCs + H perpendicular IMCs , where D perpendicular is the sum diffusion distance of both Sn and Cu for the perpendicular growth of IMCs, H planar IMCs is the thickness of the planar IMC layers, and H perpendicular IMCs is the height of the perpendicular IMCs. However, for the planar growth of IMCs within the solder joint, the total diffusion distance for both Sn and Cu atoms is the thickness of the planar IMC layers, D planar = H planar IMCs , where D planar is the sum diffusion distance of both Sn and Cu atoms for planar growth of IMCs. Due to the additional height of the perpendicular IMCs (H perpendicular IMCs ) in the diffusion path, it is reasonable to conclude that the diffusion distance for perpendicular growth of IMCs is always longer than the diffusion path for planar growth of IMCs, D perpendicular > D planar .
The available free Sn and Cu atoms for producing the two types of IMCs can also significantly affect the growth rates along the two directions. The supply of Sn and Cu atoms in the planar growth of IMCs basically relies on the opposing diffusion from the adjacent solder and Cu substrate at the two sides of the IMC layers (as illustrated in Fig. 9c ), which can be regarded as infinite. However, for the perpendicular growth of IMCs, the Sn and Cu atoms need to pass the planar IMC layers by surface diffusion and bulk diffusion before they can reach the root of the perpendicular IMCs (Fig. 10a) . During diffusion, both Sn and Cu atoms can possibly be captured by the reactions that contribute to the planar growth of IMCs, particularly the Sn atoms from the solder side. The significant expansion of Perpendicular Growth Characteristics of Cu-Sn Intermetallic Compounds at the Surface of 99Sn-1Cu/Cu Solder Interconnects the planar Cu 6 Sn 5 layer near the sample surface in Fig. 5 can be attributed to Sn atoms captured during surface diffusion from the solder to the bottom of the perpendicular IMCs. Hence, unlike the infinite supply of Sn and Cu atoms in the planar growth of IMCs, the supply of free atoms to the perpendicular growth of IMCs is limited.
After the Sn and Cu atoms reach the root of the perpendicular IMCs, they need to diffuse further from the bottom to the top (Fig. 10c) , so that the height of the perpendicular IMCs can grow during aging. Because of the increasing diffusion distance due to the perpendicular growth of the IMCs, the numbers of free Sn and Cu atoms that can contribute to the perpendicular growth drop continuously during aging, as illustrated in Fig. 10b . Consequently, the limited and decreasing number of available Sn and Cu atoms can significantly retard the perpendicular growth of IMCs during aging, which is different from the planar growth of IMCs.
Potential Effects of Perpendicular Growth of IMCs
It has been reported that the growth of Cu 6 Sn 5 and Cu 3 Sn during aging can induce stress evolution within interfacial IMC layers due to volume shrinkage resulting from the density increase in solid-state reactions. 34 It is reasonable to assume that the growth of planar IMC layers in this work can also induce build-up of residual stress during aging. Similar to the effect of the growth of Sn whiskers, 35 perpendicular growth of IMCs may partly release this residual stress at the solder/Cu interface. 35 On the other hand, the residual stress in solder joints may also facilitate the perpendicular growth of IMCs, based on the suggestion that the perpendicular IMCs in solder joints after electromigration tests were ''squeezed out'' by compressive stress. 9, 10 However, the effect of the stress on the planar growth of IMCs remains uncertain, deserving further study.
Similar to the effect of Sn whiskers, perpendicular growth of IMCs can also possibly lead to failure of fine-pitch packages. In electronic packages, though there is no specifically prepared free surface, the perpendicular IMCs can still grow into the gap between two adjacent solder joints, which is perpendicular to the diffusion direction. When the pitch is reduced below 50 lm (as in three-dimensional packages), the gap between two adjacent microbumps is only 10 lm to 20 lm. 36, 37 In this case, perpendicular growth of IMCs is very likely to lead to shorts, which could be worse if the packaging density increases further in the future. Furthermore, protruding IMCs could be fractured into particles under vibration or mechanical loads. These loose IMC particles are also harmful to device reliability.
The risk of shorts due to perpendicular IMCs can be minimized by underfilling. It has been suggested that void-free encapsulation, such as conventional flip-chip underfill, can well suppress growth of Sn whiskers to prevent electrical shorts. 38 This means that good encapsulation can also retard perpendicular growth of IMCs to prevent the resulting shorts. However, if the packaging density increases further, the decreasing gap between two adjacent microbumps could possibly bring significant challenges in achieving void-free encapsulation 39 and promote the possibility of electrical shorts. Hence, the perpendicular growth of IMCs should be further investigated in the future.
CONCLUSIONS
Planar and perpendicular growth of Cu-Sn IMCs in 99Sn-1Cu/Cu solder joints were studied after aging. From the cross-sectional views of perpendicular IMCs revealed by FIB, it was found that the morphology of the perpendicular IMCs was dendritic, which is different from the layer-type planar IMCs. Furthermore, the Cu/Cu 3 Sn and Cu 3 Sn/ Cu 6 Sn 5 interfaces within the solder joint moved towards the Cu side near the sample surface, which can be ascribed to faster surface diffusion of Sn atoms within this region.
The formation sequence of Cu 6 Sn 5 and Cu 3 Sn in the perpendicular IMCs was also found to be opposite to that in planar IMC layers within solder joints. In perpendicular IMCs, the formation of Cu 3 Sn is prior to the formation of Cu 6 Sn 5 , because of the high concentration of Cu atoms where the perpendicular growth of IMCs starts. However, the Cu 6 Sn 5 is believed to form before the Cu 3 Sn in planar interfacial IMC layers, since a Cu-rich region is required to produce Cu 3 Sn in planar IMC layers.
Both the planar and perpendicular growth of IMCs follow a parabolic law with aging duration, indicating that the growth was dominated by interdiffusion of Sn and Cu atoms during aging. However, the perpendicular growth of IMCs was much slower than the planar growth of IMCs. This can be attributed to the longer diffusion distance and the limited supply of Sn and Cu atoms in the perpendicular growth of IMCs during aging.
